Researchers and site engineers in construction have tried to develop appropriate methods of productivity measurements. Even though many methods have been released in academia and industry, they seldom are able to select the optimized method while considering various site conditions. This study was developed from a previous study which presented the quantified productivity differences on one specific operation, that of the conventional earthmoving operation. This study suggested more consistent results for productivity differences by various methods while focusing on two different operations; the conventional and the GPSbased system. This study verified the findings from a previous study whereby results from a deterministic method and an actual measurement yield the highest values and the lowest values, respectively. It was also found that the quantified differences were mostly within 10% of the range of productivity loss in the deterministic measurement, which was illustrated in the literature. Additional statistical verification showed that the differences were mostly within 95% of the confidence intervals. It is expected that this study will provide researchers in academia with basic guidelines for developing appropriate methods for performance measurements. This study also assists site engineers in the construction industry to predict productivity and to convert results to more realistic values by using methods other than actual measurements.
Introduction
O n e o f t h e k e y a c t i v i t i e s f o r a s u c c e s s f u l construction project is to evaluate construction performances which have been mostly measured using two criteria; productivity and unit costs (Schaufelberger 1999; Nunnally 2000) .
Measuring productivity is a fundamental activity for the establishment of appropriate construction plans and resource utilization prior to actual construction operations. Productivity measurement functions as an indicator of the basic status of the construction operation and provides actual data for productivity improvement and for productivity prediction in similar operations in the future . Various methods for productivity measurements have been introduced and developed in academia such as deterministic model-based measurement, simulation-based measurement, queuing theory-based measurement, and actual measurement (Halpin and Riggs 1992) . These four productivity measurement measures were usually utilized in academic areas for evaluating construction performances. The difficulty in the application of these methods in actual operations creates a need for careful investigations of comparisons of these four methods and analysis of different types of construction operations in practice (Han 2005; . Productivity comparisons of an identical operation obtained by various methods present the basic characteristics and result analysis of each method according to quantified differences . Furthermore, a productivity comparison of different operations by various methods would provide an opportunity to prove findings of basic characteristics and results of each method and to give wide applications to more varied construction operations.
Han and Lee (2008) conducted a previous study that involved the application of four different productivity measurements on identical operations of conventional earthmoving. As described in this previous study, these four methods for productivity measurement presented not only basic characteristics and practical application issues but also quantified differences in the results. Further study is required to determine whether the findings from the previous study are consistently found in different operations under different situations.
Accordingly, the objective of this study is to verify the quantified differences of four productivity m e a s u r e m e n t s m o s t l y d e v e l o p e d i n a c a d e m i a concerning different operations. Two operations in earthmoving were selected for a comparison of results of productivity measurements as different operations within the scope of this study; 1) Conventional, and 2) GPS-based systems. The reason for the selection of an earthmoving operation was because it is the most fundamental operation in building and civil construction projects. Furthermore, compared to other operations in construction, the composition of construction resources for an earthmoving operation is sufficiently simple so that quantified differences were clearly identified and analyzed.
Quantified differences calculated by four various productivity measurements on two different types of operations allow researchers and practitioners in construction to select an appropriate method among these methods considering the particular situations on job sites and understanding the basic variance ranges in cases where other productivity measurements are used.
Productivity Measurement Methods
As stated in the previous study by , there are four methods in construction among many productivity measurement methods which have been developed. A deterministic model-based measurement is commonly employed with easy and simple practical applications. According to many studies (Halpin and Riggs 1992; Schaufelberger 1999; Nunnally 2000; Schexnayder and Mayo 2004; Halpin 2006) , this method was implemented by simple calculation of the productivity of many construction operations based on the equipment characteristics under the particular construction situation on job sites provided by most manufacturers or the historical construction data collected. Fixed or constant values as duration information were applied in this method. However, it revealed that the adoption of fixed or constant duration of each activity was not able to reflect any variability in the task duration .
It has been pointed out that fixed time duration used in the deterministic model could not resolve b u n c h i n g e ff e c t s g e n e r a l l y w i t n e s s e d i n t h e construction operation (Halpin and Riggs 1992) . The efforts made to overcome this problem in the deterministic model resulted in the queuing modelbased measurement originally created in industrial processes of construction. The original queuing model in industrial processes was only available in a twolink system; a processor responding to trucks and calling units responding to loaders or excavators in an earthmoving operation (Halpin and Riggs 1992; Guo 2007) . Practical application using this model is limited in construction due to the constrained availability of only a two-link system. However, it provides quantified bunching effects that cannot be resolved by a determinist model .
Compared with the deterministic and queuing models, a simulation-based measurement presents excellent outcomes that reflect normal situations where the randomness of cycle time is considered. The influence of random durations on the movement of resources causes various units to become bunched together and consequently there is a rush to arrive at and overload work tasks. The simulation methodology which has been extensively developed and broadly used as a management tool within the manufacturing and business industries was modified and developed for construction application as the CYCLONE (CYCLic Operation Network) system approach in the early 1970s (Halpin 2006 The actual productivity measurement is regarded as the most difficult method to use even though it provides actual productivity. This is due to the requirement for all event times to be recorded and actual productivity to be measured by human beings on job sites. Accordingly, the reliability of the results obtained by this method is diverse rather than stable, depending on who is involved and what specific technique is used for measurements (Han 2005 
Basic Operational Concepts of the Conventional and GPS-based Earthmoving Operations
E a r t h m o v i n g , a f u n d a m e n t a l o p e r a t i o n i n construction, is divided into two types of systems; the conventional and the GPS-based systems as GPS technology was applied to construction over a decade ago (Han et al. 2006; .
The conventional system requires additional activities such as surveying, installing stakes, resetting stakes knocked down during operations, and reworks which are frequently required to basic activities such as preparation, loading, hauling, dumping and spreading (Hajjar and AbouRizk 1997; Han et al. 2006 ). These additional activities including reworks cause a serious delay to work time and significantly reduce productivity. Referring to the measuring volume of the moved earth, operators of hauling equipment would count the number of traveling times in one working day. These numbers functioned as raw data to measure daily productivity and calculate the total volume of the moved earth per day ( The GPS-based system was first introduced in construction with "stake-less earthmoving". GPS signals are transmitted from satellites to GPS antenna and a receiver. These signals are interpreted as resulting positions by a computer unit. The interpreted signal provides the real-time location of the target equipment on a map displayed as the Graphical User Interface (GUI) on the machine cap system (Koehrsen et al. 2001; Han et al. 2006) . Koehrsen et al. (2001) presented a procedure for an earthmoving operation by the GPS-based system. According to their study, the operator is aware of the position of the equipment under his control and recognizes the amount of cut and fill volumes associated with precise elevations in real time. Compared to the conventional system, the GPS-based system consequently provides increased productivity by removing surveying and other related activities and enhances the quality of work reducing reworks. The GPS-based system is currently being used in large-scale civil projects such as highway construction.
Data Collection
The result distinction by four different productivity measurements for the conventional system was presented in the previous study by . Three earthmoving projects where the GPS system was used were additionally selected. While a twolink system comprised of excavators and trucks was selected in the conventional system, a three-link system with excavators, dozers, and trucks was selected in the GPS-based system. This difference is derived from the fact that the GPS system in commercial markets was generally installed in dozers. A total of five conventional earthmoving projects and a total of three GPS-based earthmoving projects were selected where construction raw data was collected for this study. A total of 20 and 16 separate hourly datasets in the conventional and the GPS-based system, respectively, were achieved through four to five hours over two to three consecutive days at each jobsite (Han 2005 All activities and specific durations of each physical activity were measured by stopwatch and video-taping analysis. Other data related to non-physical activities were collected through site observations and interviews with site personnel (Han 2005; . Tables 1. and 2. show the basic descriptions of earthmoving projects selected for data collection and summary of data characteristics collected from the earthmoving projects.
The basic format of the collected datasets is shown in Table 3 ; one sample of the collected datasets from G1 project where the GPS-based system was used during one hour. Based on the collected datasets, in the next section productivity is measured by four different methods.
Productivity Measurements
Productivity measurements are conducted based on the collected datasets shown in Table 3 . using four different methods. -Deterministic Model-based Measurement
As stated in the previous study by , the first step of the deterministic model-based productivity measurement is to identify each cycle time of activity by construction equipment. The cycle time of each activity consists of variable times and fixed times. A variable time is regarded as the average time of each cycle of repetitive activities. A fixed time which shows constant values was derived from standard references such as the Caterpillar Operation Handbooks or RS Means. Total productivity based on the deterministic model is calculated by "one divided by cycle times". The procedure for the deterministic model is shown in equations (1) and (2) .
Cycle time = Variable times + Fixed times: Equation (1) Note: Conv., the conventional system GPS, the GPS-based system : Equation (2) -Queuing Theory-based Measurement The queuing theory developed in the manufacturing industry has been applied to construction in order to resolve the problem caused by the deterministic model whereby it would not reflect bunching effects. Considering that bunching effects in construction are frequently witnessed in job sites, a queuing theorybased measurement enables the provision of more realistic results than does the deterministic model.
The text by Halpin and Riggs (1992) suggested that the productivity based on a queuing theory is calculated as follows. Productivity = (PI) × L × C × µ: Equation (3) where, PI = Productivity Index (i.e., percent of the time of the system contains units that are loading). L = Period of time considered C = Capacity of the unit loaded λ= 1 / the average time a unit stays outside the system shown in Table 4 . µ = Processor rate = 1 / the average service time shown in Table 4 .
Note that in equation (3), the value of λ is calculated in arrivals per hour and µ is calculated in loads per hour. The mean service time in minutes for µ, denoted as T s shown in Table 4 ., is calculated from the summation of service times divided by the total number of trips per hour. The mean arrival time in minutes for λ, denoted as T a shown in Table 4 ., is calculated from the summation of back cycle times divided by the total number of trips per hour. The PI value shown in equation (3) Hourly productivity by queuing theory-based measurement is calculated by equation (3) and information in table 3, and one sample dataset in project G1 is as follows:
.57 cycles/hr.
-Simulation-based Measurement Simulation methodology which has been attributed in many applications in construction is currently used for various functions such as measuring productivity, evaluating performances, and predicting productivity. Figs.1. and 2. show each sample of project C3 of the conventional and project G1 of the GPS-based system, respectively.
The symbols used in Figs.1. and 2. are CYCLONE modeling elements as described by Halpin and Riggs (1992) . Basic descriptions of each element are shown in Table 5 ., excerpted in the text by Halpin and Riggs (1992) .
As illustrated in Figs.1. and 2., the GPS-based system employed one additional dozer in the fleet management compared to the conventional system. This shows that the GPS equipped dozer was involved in earthmoving with an excavator and trucks. The nodes with the probabilistic branching indicate that the allotted resources on these nodes could proceed either way following determined probabilities. The probability of checking shown at node 3 is assumed to be 0.0001, which is initially designed as the minimum value in the probabilistic function, implying that the checking activity at node 3 seldom occurred during site observations. However, other datasets in the conventional earthmoving projects show a varied range from 0.0001 to 0.2 as the probability of this node. This probability varied considerably depending on the numbers of interruptions due to surveyors who were involved in resurveying for the activity of resetting the grade stakes that were knocked out. Unlike the conventional system, this interruption was not observed in the GPS-based system. This fact was regarded as one of the advantages of the GPS-based system ( recommended the use of beta distributions in modeling random input processes of construction durations for simulation studies because beta distribution can reflect a flexible distribution . Besides, durations at each node were assumed to be deterministic since significant variances in the durations were not observed in this study.
-Actual Measurement
An actual productivity is normally measured on a daily basis using a cycle counter while recording the number of dumping or specific activities by the operators of trucks. Site managers collect all recorded data from the operators and calculate daily productivity after the completion of one working day. The calculated daily productivity converts to hourly productivity divided by the total working hours per day (Han 2005 ; Han and Lee 2008).
. C o m p a r i s o n s o f R e s u l t s f r o m Va r i o u s Productivity Measurements
All methods and procedures presented in both the previous study by and this present study were equally applied to all datasets of the conventional and the GPS-based systems.
As mentioned earlier, the queue theory-based measurement was limited for practical applications of Quantified results in Table 6 . reach similar conclusions as those suggested in the previous study by . In the conventional system, the average value of comparison rates, which are the results obtained by each different productivity measurement compared with those obtained by the actual measurement, yielded 106.23%, 104.81%, and 101.71%, by the deterministic model, the simulation model, and the queuing theory, respectively. In the GPS-based system, average rates were shown to be 113.94%, 108.91% and 108.15%. Based on these observations, it is concluded that the deterministic model-based measurement yielded the highest values of productivity. The results of the simulation modelbased measurement followed those of the deterministic model-based measurement, while those of the actual measurement yielded the lowest values of productivity ). This fact is also witnessed not only in the conventional system but also in the GPSbased system. Halpin (2006) stated that many factors such as bunching in construction operation cause a 10% productivity loss in the deterministic measurement due to random travel times by earthmoving equipment.
It is noted that productivity loss in deterministic measurement is 5.86% (100% / 106.23% = 94.14%; 5.86% of loss) in the conventional system. The GPS-based system also indicates 12.23% of loss in the deterministic measurement (100% / 113.94% = 87.77%; 12.23% of loss). The results of 10% of productivity loss by Halpin (2006) were analyzed based on lognormal distribution. If other distributions were considered, slight differences from 10% would be addressed. I n a d d i t i o n , q u a n t i f i e d d i ff e r e n c e s b y f o u r productivity measurements are consistent within particular ranges in both systems. It would be useful to obtain information on consistent quantified differences within some range, in order to enable site engineers to make proper operational plans considering these differences and to perform particular actions for counteracting these effects. -Result Comparison on Different Operations A comparison of the results of the conventional and the GPS-based systems revealed that deviations of average values of each measurement to the actual measurement in the conventional system were less than those in the GPS-based system. Although the application of the GPS technology enhances the performance, the deviations of quantified results of productivity measurements were more varied. These facts were due to the following:
ü The three-link system in the GPS-based system gives a greater variance on productivity measurements than the two-link system in the conventional system due to the involvement of additional construction equipment ü Hauling times were varied in the GPS-based system due to long haul distance. The broad range of variable times of hauling in the GPS-based system causes such variances. ü Re-staking and re-surveying activities required in the conventional system would deliver greater variances. However, these cases were excluded in table 6 due to no implementation of the queue theory-based measurement.
Verification is also required regarding whether or not the range of quantified differences were normally under confidence levels of 95% in statistical significance. The plot chart illustrates productivity by the deterministic measurement as dependent variables and that by the actual measurement under the conventional system in Fig.3. Fig.4 . also shows the plot chart of the identical relationship in Fig.3 . in the GPS-based system with 95% confidence intervals.
As illustrated in Figs.3. and 4., it is concluded that quantified results by four productivity measurements were significantly analyzed within 95% of confidence intervals in statistics although one outlier was shown in Fig.4 .
Consequently, to some extent, the four different productivity measurements provide slightly different results. However, these differences are normally regarded as not significant based on statistical views.
Conclusions and Future Works
This study is developed based on the previous study by , which presented quantified productivity differences by four different m e a s u r e m e n t s ; 1 ) d e t e r m i n i s t i c m o d e l -b a s e d measurement, 2) queuing theory-based measurement, 3) simulation-based measurement, and 4) actual measurement. The findings in the previous study were only concerned with application to one operation, that of conventional earthmoving.
This study was carried out to validate the findings of the previous study of another operation. That is, two types of earthmoving, the conventional and the GPS-based system, were selected in order to analyze the quantified differences by four various productivity measurements on different types of operations and to prove whether or not the findings in the previous study are applicable for different types of operations. In addition, an analysis of different results of productivity c o n c e r n i n g t h e o p e r a t i o n e m p l o y i n g t h e n e w technology of the GPS-based system compared to the conventional system was revealing. It is noted that the average comparison rates by each different productivity measurement by the actual measurement, yielded 106.23%, 104.81%, and 101.71%, by the deterministic model, the simulation model, and the queuing theory, respectively. In the GPS-based system, the average rates were 113.94%, 108.91%, and 108.15%. These observations verify that the comparison results on a particular operation are available for other operations even if the quantified values are slightly different. These differences are derived from many causes such as distribution of variable times, skill and experience of data collectors, limitations of the queue theory and simulation modeling in practical application, and so on. However, the differences were mostly within 10% of the range of productivity loss in the deterministic measurement noted by Halpin (2006) . Another finding is that deviations of average values of each measurement to the actual measurement in the conventional system were less than those in the GPS-based system. This fact is derived from characteristics of link systems, variance of hauling times and so on. Checking the differences of statistical views also indicated that these were mostly within 95% of the confidence intervals. This study will be beneficial for researchers in academia to provide basic guidelines for developing appropriate methods for measuring construction performances by providing several procedures of verification. In the construction industry, the findings of this study allow site engineers or planners to become aware of specific result differences of different measurements by providing numerical comparisons. It will, ultimately, help construction managers or site engineers to predict productivity and to convert it to more realistic values by using methods other than actual measurements.
While this study focused on two operations with different methods, it still reveals a limitation in that application to more various operations may give different results against this study. However, these further studies on other operations would involve serious time and labor-intensive efforts. Deep investigations on effective methodologies for overcoming this limitation are demanded at the next phase.
